Humans automatically detect events that, in deviating from their expectations, may signal prediction 11 failure and a need to reorient behaviour. The pupil dilation response (PDR) to violations has been 12 associated with subcortical signals of arousal and prediction resetting. However, whether and how PDR 13 to a deviant is modulated by the structure of the proximal context remains unexplored. Using 14 ecologically valid musical stimuli that we characterised using a computational model, we showed PDR 15
Introduction 22
The experience of surprise is very common in the sensory realm, and often triggers automatic changes 23 in the arousal and attentional states that are fundamental to adaptive behaviours. Music is a 24 ubiquitous and ecological example of a situation where changes in listeners' arousal and attention are 25 intentionally manipulated. Composers may, for example, modulate the predictability of musical 26 passages in order to achieve differing levels of tension in a listener. A great deal of empirical work has 27
shown that surprising sounds are recognised by listeners in an effortless and automatic fashion 28 (Pearce, 2018) . This process is thought to be supported by a mismatch between the current 29 unexpected input and the implicit expectations made possible by schematic and dynamic knowledge 30 of stimulus structure (Huron, 2006 paradigms have shown that a context allows perceivers to generate implicit expectations for future 40 events, leading to facilitated processing (i.e., priming) of expected events. With regard to the latter, 41 violation paradigms have shown increased brain responses to deviant events (out of key notes, or 42 harmonically incongruent chords) within structured contexts as well as events which are musically 43 plausible but more improbable in the given context. For example, Omigie et al. (2013) tested brain 44 responses to melodies whose notes were characterised in terms of their predictability by a model of 45 auditory expectations (Pearce, 2005) . They showed that surprising events (more improbable notes) 46 within melodies elicited a mismatch response -often termed the mismatch negativity, MMN (Garrido, 47 Kilner, Stephan, & Friston, 2009; Näätänen, Paavilainen, Rinne, & Alho, 2007) . This response decreased 48
in amplitude for progressively more predictable events, as estimated by a computational model of 49 melodic expectation. A similar parametric sensitivity to note unexpectedness has since also been 50 observed in subcortical regions like the anterior cingulate and insula (Omigie et al., 2019) . Moreover, 51 sensitivity to music structure violation seems to emerge in all members of the general population that 52 have had sufficient exposure to a given musical system ( values, which, respectively, reflect the experienced unexpectedness of a certain note after its onset 97 and the experienced uncertainty in precisely predicting a subsequent note based on the preceding 98 pitch probabilities. 99
We created novel melodies ( Figure 1 ) that adhered to the principles guiding western tonal melodic 100 structure. We then created shuffled versions of these melodies to create stimuli that were higher in 101 entropy albeit matched for pitch range and content. The information theoretic properties of all 102 melodies (shuffled and original) were estimated using IDyOM (Pearce, 2005) . Listeners were presented 103 with these melodies either in their standard form or with a pitch deviant. PDR was measured and 104 subjective ratings about the unexpectedness of each melody were collected at the end of each sample 105 trial. We expected larger PDR to deviant notes that are embedded in predictable rather than 106 unpredictable contexts, and that are higher in their unexpectedness -information content value -107 estimated by the computational model. Also, we expected entropy of the melodies to predict 108 subjective ratings of stimulus unexpectedness (Hansen & Pearce, 2014 max.=120. A big sample size was chosen based on a previous experiment using musical stimuli (Laeng 116 et al., 2016) and to ensure statistical power. Two participants reported ophthalmologic concerns or 117 surgery prior to the experiment but were not excluded from participation as the pupil dilates even in 118 blindsight participants (Weiskrantz, Cowey, & Barbur, 1999) . Technical problems occurred during the 119 recording of four participants, who were therefore excluded from the analysis. One subject was further 120 excluded as blink gaps were too large to be interpolated. In sum, forty-two participants' data were 121 analysed. 122
Ethical approval for this study was granted by the Research Ethics Committee of Goldsmiths, University 123 of London. Participants were instructed as to the purpose of the study, and consented to participate 124 (written informed consent). Participation was remunerated with 5 pounds. 125
Stimuli 126
One-hundred-twenty melodies were used in this study (thirty originally composed, thirty matched 127 'shuffled' versions, and sixty corresponding versions with a deviant tone as the 13 th note). The melodic 128 sequences were 5 seconds long, isochronous (with an inter-onset-interval of 250 ms, 4/4 bar with 240 129 bpm), and had constant intensity and timbre (MIDI generated piano timbre). 130
A chromatic scale was used to compose the original melodies, whereby harmony could be ambiguous. 131
Ambitus and tonal space varied across melodies. Interval size did not exceed a perfect fourth 132 (Narmour, 2015) between adjacent notes. Thus, the original melodies were characterized by a smooth 133 contour. To generate matched melodies that controlled for potential biases such as pitch class, range 134 or ambitus, high entropy melodies were created from the original melodies by randomizing the order 135 of constituent notes using midi processing tools (Eerola & Toiviainen, n.d.). 136
Deviant notes were inserted in all 60 melodies (original and shuffled version) at the onset of the 13 th 137 note (3000ms on the salient onbeat) in order to create the corresponding set of deviant melodies (Fig  138  1B ). The deviant note was integrated into the second half of the melody in order to allow establishment 139 of an expectation-forming context before its occurrence. conducted to ensure adequate gaze measurements. Participants were further allowed to adjust the 165 sound volume to a comfortable level and were asked to reduce head movements to a minimum 166 throughout the recording session. As no differences were anticipated between the left and right pupil, 167
the left pupil was recorded in ten and the right pupil in 32 participants depending on the participants' 168 dominant eye. To reduce motion artefacts, the head was stabilized using the SR Research Head Support 169 chinrest placed 50 cm from the presentation screen. 170
During the experiment, the 120 melodies were presented binaurally through headphones in a 171 randomized order. Each trial was triggered by the experimenter on the control computer when the 172 fixation was stable at less than two arbitrary gaze units away from the fixation point. When recording 173 was enabled, a white fixation dot on the grey screen turned black to prepare participants for the onset 174 of the melody. Each trial was preceded by a 400 ms baseline period and followed by a 2400 ms post 175 stimulus offset. 176
Participants were instructed to carefully listen to the melody while fixating on the fixation point in the 177 centre of the screen throughout the recording period. After each trial, participants rated the final note 178 on a Likert-scale ranging from 1 (not at all unpredictable) to 7 (extremely unpredictable) in a forced-179
choice task on the presentation screen. Data on the subjects' musical expertise and sociodemographic 180
background was collected at the end of each experiment using the GoldMSI (Müllensiefen et al., 2014) . 181
The whole study lasted approximately one hour. 182
Data pre -processing 183
Blinks were identified and removed from the signal using MATLAB R2017b. These were characterized 184 by a rapid decline towards zero from blink onset, and a rapid rise back to the regular value at blink 185 offset. 100ms of signal was removed before and after the missing data points (Troncoso, Macknik, & 186 Martinez-Conde, 2008) and missing data were interpolated: four equally spaced time points were used 187 to generate a cubic spline fit to the missing time points between blink onset (t2) and blink offset ( We first compared responses to deviant notes in the predictable and unpredictable contexts with the 203 corresponding standard notes using signals recorded across the entire melody duration (baselined 400 204 ms before melody onset). This ensured that differences between deviant and corresponding standards 205
were not due to differences in the immediately preceding note. Then, to determine how the deviant 206 PDR is affected by the entropy of the melodic context, we focussed on the time window from deviant 207 onset to the end of the melody (3000 to 5000 ms epochs baselined to 400 ms before deviant onset), 208
and we tested for an interaction of the deviant and context manipulation: (dp -sp) vs. (du -su). Further, 209 we compared the responses to standard tones in the two contexts (sp -su) to ensure that any 210 differences were not driven simply by the standard notes (the control conditions). 211
To assess a potential influence of expertise on PDR to deviants (baselined data between 3000 and 5000 212 ms), we computed the mean PDR to deviant trials as dp -sp for deviants in predictable context, and 213
du -su for deviants in unpredictable context. Participants were split into two groups of musical experts 214
and non-experts based on GoldMSI scores (Mdn=96). An ANOVA with within-subject factor context 215 (predictable/unpredictable) and expertise as between-subject factor (expert/non-expert) was 216 computed. 217
Results 218
Analyses were carried out to clarify the nature of all differences in information theoretic properties of 219 the different stimuli. Figure 1B shows that the predictable and unpredictable melodies were 220 characterized by significantly different mean entropy values regardless of whether they contained or 221
didn't contain a deviant note (dp: collected at the end of each sample trial. A) A high entropy melody example containing a pitch deviant 238 note at the 13 th note from melody onset. B) Mean entropy was larger for unpredictable than 239 predictable melodies regardless of the presence of deviant (yellow) or standard (blue) tones. C) Mean 240 information content of deviants (yellow) was larger than standard (blue) tones regardless of the 241 predictability of the context. 242 Figure 2A shows the time course of the PDR across conditions (sp = standard predictable, su = standard 243 unpredictable, dp = deviant predictable, du = deviant unpredictable) baselined 400 ms before melody 244 onset. A comparison between sp and su showed no difference in PDR as a function of entropy levels 245 of the melody, whilst the PDR to deviants (dp vs. du) was greater in predictable than unpredictable 246 contexts (diverging at .56 s from deviant onset). The responses to deviants in the predictable contexts 247 was greater than the relative standard condition (dp vs. sp: p = .029), significantly diverging from sp at 248 3.57 s after melody onset (0.57 s after deviant onset). Conversely, the responses to deviants in 249 unpredictable contexts didn't differ from the relative standard condition (du vs. su), despite their high 250 information content (see figure 1C ). Figure 2B shows the PDR to deviants baselined 400 ms before 251 deviant onset. We show the conditions dp and du following subtraction of the relative standard 252
conditions. The comparison between the two time-courses confirmed that dp evoked a larger response 253 than du starting at .59 s from deviant onset (p = .007). 254 Figure 3B shows the relationship between the deviant-related PDR and deviant unexpectedness 255 (information content) for predictable and unpredictable melodies. For each subject and for each 256 melody containing deviants, the average PDR to deviants was computed relative to the deviant onset. 257
These values showed a positive correlation with deviant information content values when embedded 258 in unpredictable (rho = 0.467, p = 0.009), but not in predictable melodies (rho = 0.264, p = 0.158). Thus, 259 a dissociation between unexpectedness of deviants and entropy of the context was shown, whereby 260
PDR is sensitive to a large range of unexpectedness levels in low entropic contexts, whilst in high 261 entropic contexts it responds only to particularly larger deviants. 262
We further investigated potential influences of expertise on mean PDR to deviants (computed as dp -263 sp for deviants in predictable context, and du -su for deviants in unpredictable context). The ANOVA 264 examining the effect of musical expertise on mean PDR to deviants yielded a main effect of context 265
[F(1,40) = 4.53, p = .040, np2 = .10]. The main effect of expertise was not significant [F(1,40) = 0.59, p 266 = .449, np2 = .01], and no interaction between the two factors was seen [F(1,40) = 2.23, p = .143, np2 267 = .05]. This indicates that mean PDR to deviant was greater in the predictable than unpredictable 268 contexts to an equal extent in both experts and non-experts. 269
Finally, we showed that the model reliably predicted subjective uncertainty levels (inferred entropy) 270 of the melody progressions (Hansen & Pearce, 2014) ( Figure 3A ). This measure was collected after 271 participants listened to each melody during the experimental session. They were asked to carefully 272 listen to the melodies and rate the last note on a seven-step Likert scale -1 equal 'not at all unpredictable, dp = deviant predictable, du = deviant unpredictable). PDR to deviants compared to 280 standard tones (dp vs. sp) in predictable contexts diverged at 3.57 s from melody onset (.57 s from 281 deviant onset), but did not differ in unpredictable contexts. Also, the PDR to deviants was greater in 282 predictable than unpredictable contexts (dp vs. du) (diverging at 3.056 s from melody onset), but there 283 was no significant context-dependent difference between the standard tones (sp and su). B) 284
Interaction effect of deviant and context predictability on PDR after deviant onset. The difference 285 between PDR to deviant and standard tones was greater in the predictable than unpredictable 286
contexts. This effect emerged .59 after deviant onset. 287 We report that pupil dilation response (PDR) to behaviourally irrelevant deviants occurs when deviants 298 are embedded in predictable rather than unpredictable melodies. We showed that the amplitude of 299 the response is predicted by the information content (or unexpectedness) of the musical deviants in 300 high but not low entropic contexts. We also replicate the previous finding that listeners' experience of 301 uncertainty is predicted by the entropy of the music (Hansen & Pearce, 2014) . These results show that 302 the same sudden environmental change leads to differing levels of arousal depending on whether it 303 occurs in low or high states of uncertainty. Our results suggest that the more stable predictions formed 304 in predictable rather than unpredictable contexts may be more abruptly violated by surprising events, 305
possibly leading to greater changes in the listeners' arousal state. 306
The observed modulatory effect of context predictability on PDR is consistent with a body of 307 electrophysiological work showing context effects on mismatch like responses at the cortical level 308 (Garrido et results emphasize that measuring PDR may be useful for investigating the reward value of information 369 across a range of modalities and domains. 370
In sum, we show that pupillometry in the auditory domain can reliably track the effect of context 371 uncertainty on responses to sudden environmental change. Given the tight interplay between cortical 372 and subcortical mechanisms involved in precision weighted anticipatory processing, a first milestone 373 is set towards the non-invasive quantification of related arousal responses. 374 375
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